Regulatory genes directing embryonic development are expressed in complex patterns. The Drosophila homeobox gene fushi tarazu (ftz) is expressed in a striped pattern that is controlled by several discrete and large cis-regulatory elements. One key cis-element is the ftz proximal enhancer which is required for stripe establishment and which mediates autoregulation by direct binding of Ftz protein. To identify the trans-acting factors that regulate ftz expression and autoregulation, we developed a modi®ed yeast two hybrid screen, the Double Interaction Screen (DIS). The DIS was designed to isolate both DNA binding transcriptional regulators that interact with the proximal enhancer and proteins that interact with Ftz itself when it is bound to the enhancer. The screen identi®ed two candidate Ftz protein cofactors as well as activators and repressors of ftz transcription that bind directly to the enhancer. One of these (Tramtrack Ttk) was previously shown to bind to at least ®ve sites in the proximal enhancer; genetic studies suggested that Ttk acts as a repressor of ftz in the embryo. Here we show that, in yeast cells, Ttk protein strongly activates transcription, suggesting that yeast may be missing a necessary co-repressor which is present in Drosophila embryos. Further, we have characterized the activity of a second candidate ftz repressor isolated in the screen ± the product of the pair-rule gene sloppy paired ± a member of the forkhead family. We show that Slp1 is a DNA binding protein. We have identi®ed a high af®nity binding site for Slp1 in the ftz proximal enhancer. Slp1 represses transcription via this binding site in yeast cells, consistent with its role as a direct repressor of ftz stripes in interstripe regions during late stages of embryogenesis. The DIS should be a generally useful method to identify DNA binding transcriptional regulators and protein partners of previously characterized DNA binding proteins. q
Introduction
Regulatory genes that direct the development of multicellular organisms are expressed in complex patterns during embryogenesis. This has been extensively documented in Drosophila where regulatory genes are expressed in patterns during embryogenesis that pre®gure their roles in determination and morphogenesis of the larva and adult. The Drosophila homeobox gene, fushi tarazu (ftz), is a segmentation gene of the pair-rule class which is responsible for the formation of alternate segmental units in the embryo: ftz mutant embryos die before hatching as approximately half sized embryos that are missing even-numbered parasegments (Nusslein-Volhard and Wieschaus, 1980; NussleinVolhard et al., 1984; Wakimoto et al., 1984) . The ftz gene is expressed in seven stripes in blastoderm stage embryos. The domains of these seven stripes correspond to the primordia of the regions that are missing in ftz mutant embryos, establishing a link between expression pattern in the early embryo and function during morphogenesis of body segments at later stages (Hafen et al., 1984; Carroll and Scott, 1985) . Mis-expression studies have shown that expression of ftz outside of this seven stripe domain also results in lethality (Struhl, 1985a) . Thus, the expression of ftz in a temporally and spatially restricted pattern must be tightly controlled, as is also the case for other crucial developmental regulators.
Ftz stripes arise in a dynamically evolving pattern with individual stripes emerging in a de®ned order along both anterior±posterior and dorsal±ventral axes (Karr and Kornberg, 1989; Yu and Pick, 1995) . The dynamics of ftz stripe evolution, genetic studies and experiments with drug inhibitors all suggest that both activation and repression play major roles in each phase of ftz stripe expression (see, for example Edgar et al., 1986; Howard and Ingham, 1986; Ingham and Gergen, 1988; Weir and Kornberg, 1985; Yu and Pick, 1995) . The ftz stripe pattern is controlled primarily, if not exclusively, at the transcriptional level, by a large and complex cis-regulatory region spanning at least 10 kb upstream and downstream of the coding region (Hiromi et al., 1985; Hiromi and Gehring, 1987) . Within this 10 kb are several independent`seven stripe' elements each of which directs reporter gene expression in a distinct ftz-like seven stripe pattern. One of these seven stripe elements is the ftz proximal enhancer which is necessary for the proper establishment of ftz stripes and which also mediates positive autoregulation after stripe expression is initiated (Hiromi and Gehring, 1987; Pick et al., 1990; Schier and Gehring, 1992) . Previous studies identi®ed a core 323 bp region of the proximal enhancer (323 fPE) that directs expression of a lacZ reporter gene in a seven stripe pattern identical to that of the full length proximal enhancer in transgenic embryos (Han et al., 1993) . The 323 fPE contains nine binding sites for a combination of at least 10 nuclear proteins, some of which were identi®ed using biochemical approaches (Han et al., 1993; Han et al., 1998) . Site-speci®c mutagenesis of these binding sites in the context of lacZ reporter genes revealed a high degree of redundancy among the sites (Han et al., 1998) . Many of the binding sites interact with several different nuclear proteins, suggesting that there may also be redundancy among trans-acting positive regulators of ftz gene expression. This high degree of redundancy within this one small regulatory region is in keeping with the strict requirement for tightly controlled expression of ftz, as discussed above. Further, this and other studies suggest that the entire ftz regulatory system is highly buffered at multiple levels to ensure proper regulation of gene expression (Yu and Pick, 1995) .
In addition to the nuclear protein binding sites described above, the 323 fPE contains ®ve binding sites for Ftz homeodomain protein which mediate positive autoregulation (Pick et al., 1990) . Second site suppresser experiments provided strong evidence that Ftz protein directly activates transcription through these binding sites: changing the Ftz sites to Bicoid (Bcd) binding sites abolished Ftz-dependent stripe expression; however, when the Ftz homeodomain was switched to a Bcd type homeodomain, expression was restored (Schier and Gehring, 1992) . Thus the proximal enhancer was one of the ®rst identi®ed bona ®de direct targets of a homeodomain protein in an animal. Although Ftz is necessary for autoregulation, it is not suf®cient. Deletions and point mutations that do not affect Ftz binding abolish autoregulation in vivo and Ftz binding sites alone do not direct stripe expression in embryos (Nelson and Laughon, 1993; Schier and Gehring, 1993; Han et al., 1998) . Analysis of ftz regulatory elements also suggested that cofactors modulate Ftz autoregulatory activity in different regions of the embryo (Pick et al., 1990) : although Ftz protein is evenly distributed along the dorsal±ventral axis of the embryo, the distal and proximal enhancers are differentially responsive to Ftz dorsally and ventrally and Ftz fails to activate the enhancers in the nervous system where no autoregulation is detected. This model for cofactor involvement in Ftz autoregulation is in keeping with the general notion that cofactors interact with homeodomain proteins to regulate target site selection in vivo (reviewed in Hayashi and Scott, 1990; Mann and Chan, 1996) .
In sum, the 323 fPE is a critical cis-acting regulatory element for the ftz gene. This element interacts with multiple DNA-binding proteins that are necessary for ftz expression. At least one of these transcriptional activators ± Ftz itself ± requires cofactors that may be tethered to the enhancer via protein-protein interactions. Here we describe a modi®cation of yeast one and two hybrid screens (Fields and Song, 1989; Chien et al., 1991; Li and Herskowitz, 1993; Fields and Sternglanz, 1994; Inouye et al., 1994) to identify both types of ftz regulators. Using the Double Interaction Screen (DIS), we have isolated (1) DNA binding activators and repressors of ftz transcription that interact with a native cis-acting regulatory element and (2) partner proteins for a transcription factor ± Ftz itself ± which was known to interact with the regulatory element in vivo. Further, we present results that suggest that the pair-rule protein Sloppy Paired 1 (Slp1), encoded by one cDNA isolated from the screen, is a sequence-speci®c DNA binding protein that may be a direct repressor of ftz gene expression in developing Drosophila embryos.
Results

Design of the Double Interaction Screen
To identify proteins that regulate ftz gene expression by directly binding to DNA sequences in the proximal enhancer and/or by interacting physically with Ftz, we developed a modi®cation of yeast one and two hybrid screens (Fields and Song, 1989; Chien et al., 1991; Li and Herskowitz, 1993; Fields and Sternglanz, 1994; Inouye et al., 1994) . The 323 fPE was placed upstream of the HIS3 or lacZ genes and integrated into the yeast genome. Ftz protein was expressed under the control of an Adh promoter from a replicating plasmid. The 323-HIS3 fusion gene was used to screen a 0±6 h Drosophila cDNA library in the presence of Ftz protein (Fig. 1) . Three classes of cDNA products were expected to activate reporter gene expression. (1) Those that bind directly to the 323 fPE. Since library cDNAs are fused to a Gal4 Activation Domain (GAD), both strong and weak activators, as well as transcriptional repressors, were expected. This class of cDNA will result in transcriptional activation in the presence or absence of Ftz protein (Ftzindependent isolates). (2) Those that interact directly with Ftz protein but do not bind to DNA. Since Ftz binds to ®ve sites in the 323 fPE, GAD-fusion proteins will activate transcription by virtue of this protein-protein interaction, as in standard two hybrid systems. (3) Ftz-interacting proteins that also bind to speci®c DNA sequences within the 323 fPE. The use of a native Ftz target element allows for the isolation of Ftz cofactors whose interaction with Ftz involves cooperative DNA binding. Activation of reporter gene expression by the latter two classes will be in¯uenced by or require the concomitant expression of Ftz protein (Ftzdependent isolates).
Ftz protein requires cofactors to activate a native target element in yeast
Yeast cells carrying the 323-HIS3 reporter gene can grow in the absence of histidine ( Fig. 2A) . Expression of Ftz activated 323-HIS3 reporter gene expression only minimally, allowing for growth in the absence of histidine and presence of no more than 1 mM 3-aminotriazole (3-AT, a competitive inhibitor of the HIS3 gene product). As shown in Fig. 2A , no growth was detectable in the presence of 25 mM 3-AT. Similarly, yeast cells carrying a 323-lacZ fusion gene expressed only low levels of b -galactosidase in the presence of Ftz protein (not shown). Since it was previously shown that Ftz is a transcriptional activator in yeast cells (Fitzpatrick and Ingles, 1989) , it was necessary to verify that transcriptionally active Ftz protein was being synthesized in these yeast cell. To test the ability of Ftz to activate transcription, six copies of a canonical homeodomain binding site (NP6; Desplan et al., 1985) were placed upstream of the HIS3 gene. Ftz protein strongly activated this reporter, allowing for growth in the presence of 25 mM 3-AT (Fig. 2B) . Thus, although Ftz strongly activated transcription via concatamerized binding sites placed upstream of a minimal promoter, a native target element containing ®ve dispersed Ftz binding sites was activated only mini- mally. This made it possible to use full length Ftz protein, without truncation or fusion to a heterologous DNA binding domain, to screen the Drosophila cDNA library for Ftz interacting partners.
The double interaction screen identi®ed ftz regulators and Ftz-cofactors
A 0±6 h Drosophila cDNA library (Section 4) was transformed into 323-HIS cells expressing Ftz protein and colonies were selected for growth in the absence of histidine and presence of 25 mM 3-AT. One hundred positives were recovered from a screen of ,2 £ 10 6 transformants: about half of these grew within 3±5 days at 308C; the others grew in 7 days. Sixty seven were processed further. Re-transformation of isolated plasmids into fresh 323-HIS cells identi®ed 18 cDNAs that supported growth in 25 mM 3-AT. Growth was independent of Ftz for 15 cDNAs and was stimulated by or required co-expression of Ftz for three. Partial sequencing of cDNA inserts identi®ed two clear false positives, one encoding a ribosomal protein and one encoding b -tubulin. The remaining cDNAs include two Ftz-dependent and 14 Ftz-independent isolates (Table 1) : Ftz-dependent isolate C11 encodes the Ftz cofactor Ftz-F1 and has been described elsewhere (Yu et al., 1997) . Cs, the second Ftz-dependent isolate, encodes a novel protein tentatively named FIP2 (Ftz Interacting Protein 2). Preliminary results suggest that FIP2 interacts speci®cally with Ftz and a limited number of other homeodomaincontaining proteins (not shown). Ftz-independent isolates fell into ®ve categories: four correspond to truncated versions of ftz-f1 (Ueda et al., 1990; Lavorgna et al., 1991) ; six match sequences of DHR39/Ftz-F1b (Ohno and Petkovich, 1992; Ayer et al., 1993) ; one is tramtrack (ttk, Harrison and Travers, 1990) ; one corresponds to sloppy paired 1 (slp1, Grossniklaus et al., 1992) and two appear to be novel.
In sum, the double interaction screen identi®ed two candidate Ftz cofactors and six candidate ftz regulators. Two of these, Ftz-F1 and Ttk, were previously shown to bind to the 323 fPE in vitro (Han et al., 1993) . The isolation of these factors thus demonstrated the validity and feasibility of our selection method. One of the candidate cofactors (Ftz-F1) has already been shown to be a bona ®de Ftz partner in vivo (Florence et al., 1997; Guichet et al., 1997; Yu et al., 1997) . The second is currently being investigated. Yu et al. (1997) Fig. 3. Slp1 protein binds speci®cally to a novel site in the 323 fPE. (A) DNase1 footprinting of the 323 bp fPE was carried out using standard methods ( Ausubel et al., 1992 ). An Autoradiogram of a 6% sequencing gel is shown. Lane 1, 8 mg of E. coli cell extract without Slp1 protein; lanes 2, 3, and 4: 5, 7 and 9 mg of Slp1 protein extract; lane 5, no protein.
Sequence of the fragment was determined by a Maxam±Gilbert sequencing G 1 A reaction (not shown). The sequence of the protected region is indicated. (B) An oligonucleotide corresponding to the footprinted site (Slp1 site) was used for gel retardation assays. Binding reactions (25 ml) contained 25 mM Hepes, pH 7.8, 0.5 mM EDTA, 0.5 mM DTT, 10% glycerol, 1 mg polydI-dC, 5 mg of Slp1 protein extract and were incubated for 1 h at 48C. The reactions were analyzed by electrophoresis through 4% polyacrylamide gels using 0.5 £ TBE as running buffer. Binding reactions for lanes 2± 4 included 1 ml of preimmnune serum, 1 ml of anti-Slp1 antibody, and 1 ml of an unrelated antibody, respectively. (C) 32 P-labeled Slp1 site was incubated with: lane 1, control protein extract, lanes 2±14, Slp1 protein. For lanes 3±6: 1, 10, 50 and 100 ng of unlabeled Slp1 site were included in binding reactions. For lanes 7±10: 1, 10, 50 and 100 ng of an unlabeled high af®nity Ftz binding site (5 H -AGCTTGACAGGAG-CAATTA-3 H , top strand) were included. For lanes 11±14: 1, 1, 50 and 100 ng of an unlabeled Ftz-F1 binding site (5
H , top strand) were included in binding reactions.
Isolation of Slp1 ± a candidate repressor of ftz expression
Two candidate repressors of ftz transcription were isolated in the screen: Slp1 and Ttk. If they are direct repressors, these proteins would have activated reporter gene expression in our screen because they were fused to the GAD. The activities of these two proteins were further characterized, as described below.
Although Slp1 is a member of the large forkhead family of transcription factors (Weigel and Jackle, 1990; Hacker et al., 1992; Kaufman and Knochel, 1996) , binding sites for Slp1 had never been identi®ed. To test the ability of Slp1 to bind to DNA, full length Slp1 was expressed in E. coli and used for DNaseI footprinting with the 323 fPE. As shown in Fig. 3A , one region of approximately 19 bp was protected from DNaseI digestion. This region was also protected on the other strand (data not shown). The footprinted region is located between positions 2227 and 2246 of the ftz upstream element (5 H -TCTTCGATGTCAACACACC-3 H , top strand). No other protein is known to bind to this region (Han et al., 1993) .
An oligonucleotide containing the protected sequence was synthesized and used for gel retardation analysis. As shown in Fig. 3B , a single complex was formed following incubation of labeled probe with bacterially expressed Slp1 protein (lane 1). The retarded band was supershifted by antiSlp1 antibody (lane 3) but not by preimmune serum (lane 2) or by an unrelated antibody (lane 4), demonstrating that Slp1 protein is present in the DNA-protein complex. The binding speci®city of Slp1 protein to this sequence was further analyzed (Fig. 3C ). Different amounts of speci®c cold competitor (Slp1 site) were included in binding reactions (1:1, 1:10, 1:50, and 1:100 molar excess of competitors were used for lanes 3, 4, 5, and 6, respectively). Binding was inhibited more than 90% at a 1:50 ratio of speci®c competitor and was totally abolished at a 1:100 ratio of the Slp1 site. The same amounts of non-speci®c cold competitors were used in parallel. An oligonucleotide containing a high af®nity Ftz binding (Pick et al., 1990) , was added for lanes 7±10; an oligonucleotide containing a Ftz-F1 binding site (Han et al., 1993) was added for lanes 11±14. The binding was inhibited less than 50% at a 1:100 ratio of non-speci®c competitor. These observations, along with the footprint analysis, demonstrate that Slp1 is a sequence-speci®c DNA binding protein. They further de®ne the sequence of one high af®nity binding site for Slp1 protein.
Slp1 protein represses transcription in yeast cells
To test whether or not Slp1 is capable of acting as a direct repressor of transcription, an expression plasmid containing full length slp1 cDNA, lacking GAD, was introduced into 323-lacZ cells. Cells expressing Slp1-GAD fusion protein (isolate F55) produced b -galactosidase activity at a level that is ,3-fold higher than 323-lacZ cells. 323-lacZ cells expressing full length Slp1 non-fusion protein produced b -galactosidase activity at level that is ,2.5-fold lower than 323-lacZ cells (Fig. 4A ). This result demonstrates that native Slp1 represses transcription via the 323 fPE in yeast.
To investigate the binding site-dependence of this transcriptional repression, four copies of the Slp1 binding site (Fig. 3) were placed between a CYC1 Upstream Activator Sequence (UAS) and its basal promoter, upstream of a lacZ reporter gene. As shown in Fig. 4B , levels of b-galactosi- (Gutjahr et al., 1993) . Seven ftz-like stripes were seen in wild type embryos carrying P[323-lacZ] (A). Extra stripes (arrows) were seen in slp mutant (D34B) embryos carrying P[323-lacZ] (B), (C), and (D). Embryos are oriented as anterior left and dorsal up, except (B) which is a ventral view of the embryo. dase activity were ,4-fold lower from cells expressing Slp1 than those transformed with empty expression vector. Slp1 had no effect on expression levels directed by the same reporter gene lacking Slp1 binding sites, indicating that repression is binding site-dependent.
Slp1 represses expression of 323lacZ in Drosophila embryos
Our experiments demonstrate that (1) Slp1 can bind to the 323 fPE speci®cally in vitro and (2) Slp1 represses transcription directed by this element in yeast cells. To determine whether or not the 323 fPE is responsive to Slp1 in vivo, we examined the expression of the 323 fPE/lacZ fusion gene in slp mutant embryos. The 323 fPE directs expression in seven ftz-like stripes when fused to a lacZ reporter gene in transgenic¯ies (Fig. 5A ). Reporter gene expression was monitored in embryos homozygous for a null slp mutation, D34B , in which both slp genes (slp1 and slp2) are deleted. As shown in Fig. 5 , extra stripes were observed at late stages in these embryos. The stripes appeared between each of the normal ftz/lacZ stripes in the mutant embryos, consistent with the position of ectopic ftz gene expression in slp mutants, although ftz itself is more broadly expressed in these mutant embryos (Cadigan et al., 1994a) . The number of ectopic stripes varied from embryo to embryo from one to seven and the intensity of these stripes also differed. However, an extra stripe between ftz/lacZ stripes 3 and 4 was always expressed and was always the strongest one.
These results are consistent with the idea that Slp1 represses ftz gene expression. Proof that this effect is direct in vivo is dif®cult to obtain due to the autoregulatory capacity of the 323 fPE (Hiromi and Gehring, 1987) . Mutation of the strong Slp1 binding site identi®ed by DNase I footprinting had no effect on reporter gene expression in vivo (not shown). However, more recent gel retardation experiments have revealed several lower af®nity Slp1 binding sites in the 323 fPE (data not shown). Given the high degree of redundancy of binding sites that we and others have found in the 323 fPE (Han et al., 1993; Han et al., 1998; Schier and Gehring, 1993) , it is likely that even low af®nity Slp1 sites can mediate repression in vivo when the single high af®nity site is mutated. Therefore, we have not been able to de®nitively determine whether the effect of Slp1 on the enhancer is direct in embryos. However, it is quite likely that repression in interstripe regions by Slp1 is mediated by multiple binding sites in the 323 fPE and perhaps other ftz regulatory regions as well.
Ttk activates ftz transcription in yeast cells
We previously showed that Ttk binds to ®ve sites in the 323 fPE (Han et al., 1993) , consistent with a direct interaction in vivo. Two forms of Ttk protein (69 kDa and 88 kDa) resulting from differential splicing have been identi®ed (Read, 1992) . It has been suggested that the 69 kDa Ttk is a transcriptional repressor of the ftz gene, since its overexpression partially suppressed ftz stripe expression in transgenic Drosophila embryos (Read, 1992; Brown and Wu, 1993) . Ttk was isolated from our library as a fusion protein containing the GAD. To test whether or not Ttk protein acts as a direct repressor of ftz via the 323 bp fPE, we expressed the full length 69 kDa encoding cDNA without the GAD in 323-lacZ cells. b-galactosidase liquid assays were carried out to compare the levels of b -galactosidase produced by the lacZ gene in 323-lacZ cells, 323-lacZ cells expressing the isolated Ttk/GAD fusion protein, and 323-lacZ cells expressing full length Ttk nonfusion protein (Fig. 6) . Results showed that 323-lacZ cells expressing Ttk/GAD fusion protein produced , 4-fold higher levels of b -galactosidase than 323-lacZ cells alone. Unexpectedly, 323-lacZ cells expressing full length Ttk non-fusion protein produced b-galactosidase activity at the same level as 323-lacZ cells expressing Ttk/GAD. These results demonstrate that Ttk has the potential to activate transcription via the 323 bp fPE. 
Discussion
The Double Interaction Screen
We have used a modi®cation of yeast one and two hybrid screens to simultaneously identify DNA binding trans-regulators of ftz gene expression and cofactors that directly interact with Ftz protein. The screen relied upon the existence of a well characterized cis-acting patterning element that is a native target for Ftz protein in Drosophila embryos, the ftz proximal enhancer (fPE). Despite the fact that this regulatory element is larger than 300 bp, the fPE alone directed low levels of reporter gene expression in yeast. This low background expression level of the reporter in the absence or presence of Ftz protein allowed for a survival screen using a yeast HIS3 reporter gene. Two Ftz-dependent and 14 Ftz-independent isolates appear to encode bona ®de ftz regulators and/or Ftz-interacting proteins.
The ®rst Ftz-cofactor isolated was Ftz-F1, a member of the nuclear hormone receptor superfamily. This protein was originally identi®ed on the basis of its interaction with the ftz zebra element (Ueda et al., 1990) and three binding sites for Ftz-F1 were identi®ed in the 323 bp fPE (Han et al., 1993) . We showed that Ftz and Ftz-F1 bind to DNA cooperatively and that Ftz-F1 dramatically facilitates the binding of Ftz to low af®nity sites in vitro (Yu et al., 1997) . In vivo, ftz-f1 mutant embryos display ftz-like pair-rule cuticular defects and fail to activate Ftz-dependent engrailed stripes, strongly suggesting that the major role of Ftz-F1 in early embryos is to serve as a Ftz-cofactor (Florence et al., 1997; Guichet et al., 1997; Yu et al., 1997) . The second Ftz-dependent isolate from this screen encodes a novel protein which appears to interact speci®cally with a discrete set of homeodomain proteins.
Ftz-F1 was also isolated repeatedly as a Ftz-independent clone since it directly binds to the 323 fPE. Similarly, DHR39/Ftz-F1b was isolated repeatedly in our screen. This gene also encodes a member of the nuclear hormone receptor superfamily which is most closely related to Ftz-F1 and which binds the same sequences as Ftz-F1 (Ohno and Petkovich, 1992; Ayer et al., 1993; Ohno et al., 1994) . Although both Ftz-F1 and DHR39/Ftz-F1b were isolated multiple times in our screen, each isolate is an independent cDNA. Only single copies of the other cDNAs: ®p2, ttk, slp1 and two novel Ftz-independent clones were isolated. Therefore, although Ftz-F1 and DHR39/Ftz-F1b are highly overrepresented in our library, we did not reach saturation in our screen for either ftz regulators or Ftz-cofactors.
One of six DHR39/Ftz-F1b isolates was a truncated version of the protein inserted in pACT vector in reverse orientation, suggesting that this protein can activate transcription without fusion to a heterologous activation domain. In both Drosophila (Ayer et al., 1993) and mammalian cell culture systems (Ohno et al., 1994) , as well as in yeast (M.Y. and L.P., unpublished data), full length DHR39/ Ftz-F1b does not activate reporter gene expression via its identi®ed binding site. This suggests that a domain of DHR39/Ftz-F1b , which is deleted in isolate F51, can inhibit the ability of the full length protein to activate transcription.
Overall, the double interaction screen identi®ed DNA binding ftz regulators, Ftz-interacting proteins and both activators and repressors of ftz transcription. The frequency of false positive isolates from the screen was relatively low. Sixty seven isolates from a stringent primary screen were analyzed. A simple retransfromation of isolated library plasmids into fresh 323-HISFtz cells eliminated the overwhelming majority of false positives in this screen: growth in 25 mM 3-AT was plasmid dependent for 18/67 isolates: only two of these 18 isolates appear to be false positives. We suspect that this low frequency is due to the design of the double interaction screen. When concatamerized copies of a Ftz binding site were placed upstream of the HIS3 reporter, it activated expression extremely strongly whereas minimal ± if any ± activation was observed with the 323 fPE reporter constructs. The 323 fPE contains ®ve binding sites for Ftz, but these sites are widely spaced from each other, have varying af®nities for Ftz protein and are embedded within a complex regulatory element that also contains binding sites for other proteins. We believe that the strong activation seen with the binding site concatamers is arti®cial and a result of loading the promoter with high levels of transcription factors in a fashion that does not reproduce naturally occurring promoter con®gurations. This may prime the system such that even extremely weak interactions lead to activation of reporter genes, increasing the number of false positives that are isolated in more standard one and two hybrid screens that use binding site concatamers for construction of reporter genes. The success of our screen and the variety of factors isolated in a single, small screen that is far from saturation suggests that the double interaction screen protocol may be generally useful for isolating eukaryotic transcription factors whose target regulatory elements have been identi®ed.
Slp1 is a putative direct repressor of ftz transcription
Two candidate repressors of ftz were isolated in the screen: Ttk and Slp1. Here we have presented evidence that supports the role of Slp as a direct repressor of ftz in vivo. The sloppy paired (slp) locus consists of two related genes, slp1 and slp2 . In slp pairrule mutant (D34B) embryos, the expression of ftz, eve, en, and hh expands. In the case of ftz, an extra set of seven stripes arose during late gastrulation between the seven normal stripes. In embryos overexpressing slp under a heat shock promoter, ftz stripes were repressed to varying degrees (Cadigan et al., 1994a; Cadigan et al., 1994b) .
Slp1-GAD was identi®ed as a Ftz-independent activator of the 323 fPE in our screen suggesting that it binds directly to this regulatory element. As a member of HNF-3/forkhead family (Weigel et al., 1989; Lai and Darnell, 1991; Hacker et al., 1992; Kaufmann et al., 1994; reviewed in Kaufman and Knochel, 1996) which recognize DNA using a 100 amino acid winged helix motif (Clark et al., 1993) , Slp1 protein was predicted to bind DNA and function as a transcription factor. We showed that Slp1 protein binds to DNA in a sequence-speci®c fashion to one site in the 323 fPE. Although we have not proven that Slp1 directly represses ftz transcription in vivo via this binding site, our data support this model of direct repression. Slp1 binds to the 323 fPE in a sequence-speci®c fashion (Fig. 3) , it represses transcription in yeast via the 323 fPE or concatamerized binding sites (Fig. 4) and the 323 fPE is responsive to slp in vivo (Fig. 5) . Further analysis of Slp1 binding sites will be required to establish this model more de®nitively.
Slp1 and well characterized family member HNF-3g (Lai and Darnell, 1991; Overdier et al., 1994) share only 48% identity within the HNF-3/forkhead DNA binding domain and many of the amino acids involved in directly contacting DNA are not conserved between the two proteins. The discovery of a Slp1 binding site allowed us to assess its binding speci®city in comparison with other members of HNF-3 family. The binding site identi®ed within the 323 fPE is only distantly related to the HNF-3 consensus sequence derived by others (Costa, 1994) . However, another region (5 H -AAATATTTGTAC-3 H , top strand) within the 323 bp fPE is more similar to the consensus: 66% (8/12) nucleotides are identical to the HNF-3 binding consensus. This region was not detected in DNaseI footprinting experiments and an oligonucleotide containing this sequence did not effectively compete Slp1 binding in gel retardation experiments (data not shown). Thus, although Slp1 and HNF-3 family proteins share the same type of DNA-binding motif, their DNA binding speci®cities appear to be only distantly related.
Ttk has transcription activation potential
A second Ftz-independent clone isolated in our screen was tramtrack (ttk). The ttk gene encodes a zinc ®nger containing protein that has been shown to bind to regulatory elements of the ftz and eve genes (Harrison and Travers, 1990; Read et al., 1990; Brown et al., 1991) . At least ®ve binding sites for Ttk were identi®ed in the 323 bp fPE using Drosophila nuclear extracts (Han et al., 1993) . The expression patterns of ttk and ftz RNAs do not overlap: ttk is expressed maternally throughout the embryo and is then re-expressed at the time that ftz stripes fade (Harrison and Travers, 1990) . This led Harrison and Travers to propose that Ttk might be a repressor of ftz gene expression. Evidence supporting a repressive role was obtained when Ttk was expressed ectopically under the control of a heat shock promoter (Read, 1992; Brown and Wu, 1993) . This resulted in partial repression of both ftz and eve stripes; for both genes, some stripes were more sensitive to Ttk than others (Read, 1992) . In addition, mutation of Ttk binding sites in the ftz zebra element resulted in premature activation of a ftz-lacZ reporter gene, suggesting that maternal Ttk represses early expression of ftz via these binding sites (Brown et al., 1991) . Additional loss of repression at late stages was seen in interstripe regions in these mutant embryos; however, continued expression of ftz stripes at later stages (when stripes normally disappear) could not be evaluated in these experiments because of the perdurance of b -galactosidase protein (Brown et al., 1991) . Surprisingly, ftz was not derepressed at late stages in mutant embryos lacking zygotic ttk function (Xiong and Montell, 1993) . This derepression would be expected if Ttk zygotic function in the embryo is to shut down pair-rule gene expression, since maternal Ttk protein is not detectable after nuclear cycle 13 (Read, 1992 ) so that these embryos should completely lack Ttk protein at the germ band extension stage when ftz stripes fade. This observation argues strongly against Ttk acting as a repressor of ftz at late stages.
We have found that both Ttk-GAD fusion protein and full length Ttk protein strongly activate transcription via the 323 bp fPE in yeast cells (Fig. 6 ). This surprising result demonstrates that Ttk has the intrinsic potential to activate transcription and raises several interesting possibilities about Ttk function in vivo. First, the genetically identi®ed repression of ftz by Ttk may be indirect, actually resulting from Ttk activating a repressor of ftz. Second, Ttk may be a dual function protein that can both activate and repress transcription depending upon interactions with other Drosophila factors that are not present in yeast cells. The latter possibility is supported by the observation that mutations of Ttk binding sites in the eve autoregulatory element resulted in decreased rather than increased expression of that lacZ reporter gene (Jiang et al., 1991) . Thus, Ttk may repress ftz and eve transcription in the pre-blastoderm embryo and activate stripe expression at late stages. Ttk protein contains an N-terminal`POZ domain' that has been shown to inhibit DNA binding activity in vitro and that appears to be a protein±protein interaction domain that may mediate heterotypic interactions between various POZ domain proteins (Bardwell and Treisman, 1994) . It is possible that cell type speci®c expression of a Ttk associated factor is involved in its conversion from an activator to a repressor at different stages of Drosophila embryogenesis.
Experimental procedures
Vector construction
The HIS3 reporter gene contains the 323 bp ftz proximal enhancer (323 fPE, Xba1 fragment) upstream of a DdeI/ XhoI fragment containing HIS3 coding sequences and its basal promoter (83 bp region) (Struhl, 1985b ) and a SacI/ EcoRI fragment containing the TRPI gene from plasmid D759 (Lawrence Marsh et al., 1984) in a pUC19 backbone. To make the NP6-HIS3 reporter construct, six copies of an En binding site (NP6) (Desplan et al., 1985) were generated by ligating two double stranded oligonucleotides, each containing approximately three copies of NP6. This was inserted into the pUC19 vector containing the HIS3 gene (above). For the lacZ reporter, the 323 fPE was inserted into the Xho1 site of pLG669ZDXho, which contains a CYC1 basal promoter (Guarente and Ptashne, 1981) . To create a yeast integrating vector, the 2m region of pLG669ZDXho was deleted by partial digestion with EcoRI. The URA3 marker in pLG669ZDXho was replaced with a TRP1 marker by fragment swapping. To express Ftz in yeast cells, a BamHI fragment containing the ADH1 promoter and terminator was released from the expression vector pADNS (Colicelli et al., 1989) and inserted into Ycp50 which carries a URA3 marker (Rose et al., 1987) . ftz cDNA, including an ATG, was released from pNHfI (Krause et al., 1988) as a NotI fragment and inserted into Ycp50/Adh. To express Slp1 protein without the Gal4 activation domain, a BglII fragment containing full length slp1 cDNA generated from clone F55 was inserted into pHSS7. A NotI fragment was then released and inserted into pADNS. To express Ttk protein without the Gal4 activation domain, a PvuI fragment containing full length ttk cDNA was generated from plasmid, NB408 (a gift of Douglas Read). This fragment was then ®lled-in with Klenow enzyme at both ends to create a blunt ended fragment which was subsequently ligated into a pADNS vector that had been linearized with NotI and then blunt ended by ®lling-in with Klenow enzyme. All procedures used standard methods (Maniatis et al., 1992) .
Reporter strains 323-HIS, NP6-HIS3 and 323-lacZ were made by integration into the TRP1 locus of W3031A cells (LEU2, URA3, ADE2, TRP1 and HIS3). Proper chromosomal integration was con®rmed by Southern blotting. For reporter strains expressing Ftz, 1 mg of ftz expression plasmid was transformed into 323-HIS or NP6-HIS3 cells (Schiestl and Gietz, 1989) .
4.2. l ACT cDNA library construction l ACT phage was supplied as an extrachromosomal 42kb plasmid lysogen by S. Elledge (Durfee et al., 1993) . Phage DNA was puri®ed by double banding on CsCl gradient. Fifty micrograms of l ACT DNA was digested with XhoI and treated with calf intestinal alkaline phosphatase (CIAP). Zero to six hour embryos were collected from a population cage of Drosophila melanogaster (Oregon R). Total RNA was puri®ed using a Guanidinium/Cesium Chloride (GTC/ CsCl) method (Glisin et al., 1973; Chirgwin et al., 1979) . mRNA was puri®ed with a kit from Boehringer Mannheim. Of total RNA ,2 mg was applied to an oligo-(dT) column. Of poly(A) 1 mRNA ,34 mg was obtained. cDNA was synthesized with a ZAP-cDNA Synthesis Kit (Stratagene). Approximately 4 mg of cDNA was ligated to 2 mg of XhoI adapters (5 H -GGCCTTCGTGGCCTCG, top strand; 5 H -CGAGGCCACGAAGGCC, bottom strand) at 88C for 14 h. Following digestion with XhoI, cDNAs of $400 bp were selected using a Sephacryl S-400 spin column (Pharmacia). cDNA (100 ng) was ligated to 1 mg of CIAP treated l ACT in a volume of 4 ml at 128C for 18 h. The ligation was packaged using Gigapack Gold packaging extract (Stratagene). 1 £ 10 7 recombinants were obtained. The phage library was ampli®ed using XL1-Blue MRA cells. l ACT was converted from a phage to a plasmid via cre-lox mediated site-speci®c recombination (Elledge et al., 1991) , as described (Durfee et al., 1993) . The excised plasmid, pACT, contains a LEU2 selective marker.
Slp1 protein expression
To express Slp1 protein in bacteria for DNA binding assays, pET3d/slp1C (a gift of K. Cadigan), was transformed into BL21(DE3) cells. Expression was induced with 0.2 mM isopropyl thiogalactopyranoside (IPTG) at 378C for 3 h. Cells were collected by centrifugation, and resuspended in 20 ml Z-buffer (Treisman et al., 1989 ) (100 mM KCl, 25 mM Hepes, pH7.8, 1 mM DTT, 0.1% NP-40, 20% glycerol, 1 mM PMSF, 2 mM benzamidine, 5 mg/ml leupeptin), containing 0.5 mg/ml lysozyme followed by sonication six times for 30 s with a 5 mm probe at 3.5 output. Cell lysates were centrifuged at 16K for 15 min and the pellet was resuspended in 2 ml Z-buffer. Protein extracts were denatured by incubating with 4 M Guanidine-HCl on ice for 30 min. Protein was renatured by dialyzing against Z-buffer without Guanidine-HCl overnight at 48C. The dialyzed solution was spun brie¯y and the supernatant was stored at 2808C.
